In other words, long-lasting immunological memory immunological memory: the duration of memory can allows a competitively inferior pathogen to persist and regulate the degree of competition between different to be maintained in the host population. The reason is pathogens. While a long duration of memory provides as follows. A long duration of memory results in the lasting protection against reinfection, it may also allow presence of hosts that are susceptible to only one and an inferior pathogen species to persist. This can be not the other pathogen species. Therefore, the degree detrimental for the host if the inferior pathogen is more of interspecific competition is reduced relative to intravirulent. On the other hand, a shorter duration of memspecific competition. This results in coexistence. If, on ory ensures that an inferior pathogen species is exthe other hand, the duration of memory is relatively cluded. This can be beneficial for the host if the inferior short, then the majority of hosts will be susceptible to pathogen is more virulent. Thus, while in the absence both pathogen species. In this case, the degree of interof pathogen diversity memory is always expected to specific competition is much higher and competitive evolve to a long duration, under specific circumexclusion is observed. A relationship between immunity, stances, memory can evolve toward shorter durations crossreactivity, and pathogen diversity has been disin the presence of pathogen diversity.
Figure 1. Explanation of the Mathematical Models
(A) Interactions between a single pathogen population and a host population. The model takes into account the following basic variables: susceptible and uninfected hosts, S; infected hosts, I; recovered hosts that are protected against reinfection, R; and a population of pathogens, P. Uninfected and susceptible hosts are assumed to reproduce at a rate r and die at a rate d. They become infected by the pathogen at a rate ␤. Infected hosts are characterized by an elevated death rate, a, reflecting pathogen-induced mortality. In addition, they are assumed to recover from infection at a rate ␣. Recovered hosts die at the same rate as uninfected individuals, d, and they cannot be reinfected by the pathogen. This protection is not infinite, but is lost at a rate g. The model assumes that all host populations reproduce. The pathogen is, however, not transmitted vertically to the offspring. Moreover, it is assumed that offspring from recovered and immune hosts are once again susceptible to infection. (While antibody memory can be transferred from mother to child, this protection only lasts for a few months; T cell memory is not transferred from mother to offspring). Finally, pathogens can be released from the hosts into the environment at a rate k and may decay in the environment at a rate u. The dynamics are formulated in terms of ordinary differential equations that describe the development of these populations over time. The equations are given in the Supplemental Data. (B) Interactions between two pathogen populations and a host. The model includes two populations of pathogens, P 1 and P 2 . The population of hosts infected with pathogen 1 are denoted by I 1 , and hosts recovered and immune to pathogen 1 are denoted by R 1 . Similarly, hosts infected by pathogen 2 are denoted by I 2 , and hosts recovered and immune to pathogen 2 are denoted by R 2 . Hosts immune to pathogen 1 are still susceptible to pathogen 2, and hosts immune to pathogen 2 are susceptible to pathogen 1. Thus, we have the following additional populations: hosts recovered from pathogen 1 and infected with pathogen 2, I 12 ; hosts recovered from pathogen 2 and infected with pathogen 1, I 21 ; and hosts recovered and immune to both infections, R 12 . For simplicity, it is assumed that hosts do not experience simultaneous multiple infections. The equations for the model are given in the Supplemental Data. condition, G 0 (Figure 3) . If we start with a duration of threshold duration (G thr ) separating the two outcomes is short. Therefore, the system is likely to evolve to maximemory that lies above a threshold (G 0 Ͼ G thr ), the system evolves toward maximal memory. If we start with a mum duration of memory. The reason is that the difference in virulence between the two pathogens is low. duration of memory that lies below the threshold (G 0 Ͻ G thr ), the system evolves to the state describing suboptiThus, it does not pay to reduce memory in order to exclude the more virulent pathogen. At the opposite mal memory. What is the initial duration of memory that separates the two outcomes (value of G thr )? As shown extreme, the rate of host killing by the more virulent pathogen is much higher than that of the less virulent in Figure 4 , it depends on the rate of host killing by the more virulent pathogen. At one extreme, the rate of host one. Now, the threshold duration (G thr ) that separates the two outcomes is very high. In this case, the system is killing by the more virulent pathogen is similar to that of the less virulent pathogen. Figure 4 shows that the likely to evolve toward the suboptimal memory outcome. The reason is that the more virulent pathogen is characsystem can evolve may not be stable states. Assume that evolution takes the system to the suboptimal memterized by a much higher rate of host killing compared to the less virulent one. It therefore confers a significant ory outcome. This can result in the exclusion of a more virulent pathogen and reduction in pathogen diversity. cost to the host population, and exclusion of the more virulent pathogen by means of memory reduction conAs pathogen diversity is reduced, it will become advantageous again to evolve a longer duration of memory fers a significant advantage. Note, however, that the duration of protection at the suboptimal memory outbecause this leads to lasting protection. As memory becomes longer, however, inferior pathogens may income becomes longer as the rate of host killing by the more virulent pathogen is increased. The reason is that vade again. As a consequence, more virulent pathogens can persist and pathogen diversity increases. In this a higher rate of host killing reduces the relative fitness of the more virulent pathogen, and thus less memory scenario, it will once again pay to evolve toward a shorter duration of memory. Thus, we may expect the duration reduction is required to exclude it.
Note, however, that the two outcomes to which the of memory to cycle over time. This paper has shown that the duration of immunologihost because it can reduce pathogen diversity. The article is concluded with a discussion of these results in cal memory can influence pathogen competition and that this can be a selective force that can shape the the light of immunological data. This is a challenging task because much of the information required to link evolution of memory. In particular, it was found that a short duration of memory can be advantageous for the theory and data is currently not available. In order to test theory, the duration of protection against reinfection needs to be measured in the context of two types of pathogens. One pathogen needs to be genetically diverse and cocirculate as a collection of distinct serotypes; the other pathogen should be homogeneous. Based on theory, immunity against any strain/serotype of the diverse pathogen should be shorter than protection against the homogeneous pathogen. For this to be true, however, the following conditions need to hold: the serotypes should be characterized by differences in pathogenicity, and the more pathogenic strains should have reduced fitness relative to the less pathogenic strains. This is very difficult to quantify nation approaches: prolonging the duration of protec-
